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1 Summary Statement
ARTEMIS Steelworks (AdvancingReactorTechnologies forElectrolytic Manufacturing ofIn-situ

Steel) demonstrated the production of various alloys of lunar steel, with oxygen as a byproduct, using the
Molten Regolith Electrolysis (MRE) process. The metal was extracted from lunar regolith simulant in a
vacuum and manufactured in a vacuum. Therefore, the results of our steel characterization and testing are
relevant for the prediction of performance of in-situ constructed steel pressure vessels on the moon.

The operational scenario assumes that, by 2028, NASA and its international and commercial partners
will be establishing a permanent presence at the lunar South pole. The Artemis Base Camp will be the locus
of international and public-private collaboration under the Artemis Accords, helping to bootstrap a lunar
economy. As the lunar economy grows, traf�c of people and goods will grow with it. Thus, we envision
that NASA and its international and commercial partners will have increasing long-term needs for large
pressure vessels, both for spacious habitats and industrial-scale storage and operations. However, these may
be impractical to transport from Earth due to fairing volume constraints. Accordingly, we selected large
steel pressure vessels as the end-use product.

The system of interest is an MRE reactor capable of producing various alloys of steel and other metal
products, with oxygen as a useful byproduct. It includes technological innovations to improve its useful
life and ef�ciency, autonomy to save labor time, and demonstrations of subsystems in lunar environment.
We built and tested an MRE reactor to produce steel from lunar regolith simulant unenriched and enriched
to 40%-grade Fe. The main path-to-�ight challenges are the reactors' ability to produce steel in a vacuum
environment; reaction inhibition and electrode damage resulting from larger, longer-lived oxygen bubbles
in the Moon's weaker gravity; and the need to automate all routine operations. To prepare for a lunar tech-
nology demonstration, a prototype electrolysis reaction and steel manufacturing processes were performed
under vacuum, a sonicator attached to the anodes to dislodge oxygen bubbles, and an automatic slag and
iron slicer were developed for steel collection. The technical objectives are to demonstrate steel-making
capability while also quantifying energy ef�ciency, steel quality, and expected useful life of the electrodes
and vessel under different con�gurations relative to the state of the art.

The comprehensive testing plan presented here includes functional subsystem and integrated testing in
Earth and vacuum conditions; validation of the main input, or the enrichment of lunar regolith to 40%-grade
Fe by identifying bene�ciation technology; and validation of the main output, steel alloys, using tests and
calculations to con�rm their suitability for the intended primary end-use of large steel pressure vessels. To
accomplish these objectives, the reactor is designed to produce suf�cient quantities of steel for melting and
casting, among other possible manufacturing processes. This enables characterization and testing of the
alloys in re-melted and cast form and calculations to assess their applicability to building large pressure
vessels. Speci�cally, testing at MIT included composition analysis using Scanning Electron Microscopy -
Energy Dispersive Spectroscopy (SEM-EDS), grain size analysis using etching and imaging, and mechanical
testing for hardness and yield strength.

Through the demonstration and characterization of alternative steel alloys, we aim to demonstrate the
utility of the proposed technology to the lunar exploration goals of NASA and its international and com-
mercial partners. Further, we quanti�ed targeted improvements in steel quality and reactor longevity and
mapped them against alternative designs, operating points, and con�gurations. Taken together, the proposed
design development, testing, demonstration, and experiments aimed to advance the state of the art for pro-
ducing alloys of lunar steel that shall be well-suited for constructing large pressure vessels at the lunar South
pole and other end uses in the lunar metal product pipeline. In addition, the technology concept produces
oxygen and ceramic slag, which support additional exploration needs, including transportation, life support,
and construction. Finally, as MRE is the only process that can ef�ciently produce both metals and oxygen
using just energy and regolith as inputs, and since MRE outputs can be used to build more MRE reactors,
the proposed technology would position the Artemis Base Camp for sustainable long-term growth.
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2 Problem Statement and Background

2.1 Metal Production Pipeline Architecture

To envision an entire metal production pipeline architecture for large pressure vessels, we identi�ed 5
driving architectural decisions. Our analysis showed that the most consequential selection for the entire
pipeline is the metal extraction process, as it de�nes possible targeted metals, additional chemical com-
pounds required, extraction environment, operating temperatures, and potential useful byproducts. We
analysed the 4 extraction options listed above and selectedmolten regolith electrolysis (MRE) for our
architecture. Compared to other processes, MRE does not require any additional inputs beyond an energy
source, can process all types of regolith without having to separate fused minerals, has minimal Fe en-
richment requirements, and is capable of extracting up to 95% of oxygen contained in the ore as a useful
byproduct. MRE also has a current TRL level of 4 and is scalable.[1], [2]. Since iron itself is not a strong
material, an additional alloying step with elements like C, Mn or Cr is required. Since these are required in
very small amounts, it was assumed that, initially, those elements could be brought from Earth. MRE locked
down our choices ofiron as the targeted metal.

As currently designed, the system assumes the input of lunar soil stock with 40 percent iron content by
weight. However, based on Apollo-era lunar soil samples from various sites, regolith can contain anywhere
between four to �fteen percent iron by weight, existing in a variety of different minerals [3]. Due to the
relative abundance of ilmenite and its energetic favorability for the separation of its constituent iron and
oxygen [4] this project aims to use ilmenite-enriched lunar regolith. Although the development of a lunar
soil bene�ciation system falls beyond the scope of this project, the assumption of a 40-percent (by weight)
iron feedstock is more than a reasonable assumption with currently available bene�ciation technologies.
Triboelectric charging of lunar regolith particles paired with plate-based electrostatic separation of
lunar soil is currently the most promising technology to achieve such an enrichment of lunar soil – pursued
by both researchers at NASA and a series of other agencies. Trials conducted in simulated lunar gravity via a
parabolic �ight revealed the capacity of achieving between 65 to 106 percent mass bene�ciation of ilmenite
concentrations in lunar simulant with 15-20 kV of potential difference between the separation plates [5].
Assuming the use of this bene�ciation method with a 100 percent mass bene�ciation per pass of a given
regolith sample and 10-percent ilmenite by weight stock, considering that ilmenite is roughly 30 percent
iron by weight [6] one could achieve the desired target of 40-percent iron content with approximately �ve
passes. The only possible challenges to this back-of-the-envelope calculation are that each pass would
reduce the mass of a sample by approximately 30 percent (requiring 400 kg of regolith to generate 1 kg
of enriched soil) and that there is no literature currently available on the impact of multiple passes on
electrostatically bene�ciating enriched lunar soil. However, plate-based electrostatic bene�ciation of lunar
soil still presents itself as the most energetically favorable, well-researched, and robust method of increasing
ilmenite concentrations in soil.

The electrical and thermal energy inputs required are assumed to come from �ssion surface power or
solar. The energy source decision will be made during detailed design in Feb 2023 and will be driven by
availability of the technology for a CLPS demonstration in a 2028 time frame; Moon to Mars feed-forward
potential; uptime and scalability potential (for commercial viability, leading to commercial adoption); which
is a key enabling technology for our selected approach.

We chosecasting with subsequent hot and cold rollingto produce thin metal sheets as our baseline
technology for manufacturing metal feedstock for large pressure vessels; our analysis showed that it is a
more suitable option for building large structures requiring high strength materials. Casting is a simple
process and our testing plan is designed to validate its use on the Moon, where it would also bene�t from the
absence of an atmosphere, mitigating bubbles in the cast items and corrosion from reaction with atmospheric
oxygen. The rolling process is also relatively simple; we have assumed that rolling equipment specialized
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for the lunar environment would be designed and deployed either by a third party or by the operator of the
lunar steel electrolysis facility. We have preliminarily assumed that casting and rolling will allow producing
steel feedstock of suf�cient strength and quality for manufacturing pressure vessels - this assumption will be
validated in this project. Finally, we have assumed that curvature-forming, cutting and welding capabilities
will also be available, enabling the in-situ construction of large pressure vessels from lunar sheet steel.
As a fallback for the initial stages of lunar metal production, we assumed that pressure vessels can be
manufactured from �at parts joined together to approximate curved surfaces, in which case only cutting and
welding equipment must be brought to the lunar surface.

2.2 Part of the Architecture Being Addressed by ARTEMIS Steelworks

Figure 1: Lunar steel production value chain from regolith to sheet steel, with by-product value chains indicated

As shown above, the choice of the extraction process will signi�cantly impact the entire architecture.
This technology is, therefore, on the critical path of developing an ISRU-derived metal production on the
Moon. For this reason, our team decided to address this part of the architecture within BIG Idea. Our
overall approach is to demonstrate the process of making `lunar steel' by extracting an iron alloy from
a lunar regolith simulant via molten regolith electrolysis (MRE), alloying it with different elements, and
showing that the resultant material has properties suitable to manufacture steel sheets that then can be used
to manufacture pressure vessel shells. For our demonstration, we built and operated a molten regolith
electrolysis reactor cell at MIT. Molten steel produced by the cell was collected using a slag and iron slicer
to automate the collection process of steel and slag from the MRE reactor. Steel, collected this way, was
then melt, cast, and actively cooled in a vacuum environment imitating the conditions on the moon. Multiple
samples were collected this way, from regolith simulant representative of the lunar South pole region, under
different electrolysis and casting conditions. A battery of tests were performed on each of the samples
(those taken after extraction, after melting, and after casting) to measure their metallurgical and mechanical
properties and to understand how they change due to the operations performed on them. These lunar steel
alloys with their mechanical properties were used to show that the quality of lunar steel that can be made on
the moon would be usable for producing pressure vessels. [7]

The proposed technology has �ve innovations to demonstrate the technology and overcome challenges
that be faced in the lunar environment- extraction tests performed in vacuum, extraction tests performed with
non-bene�ciated regolith to demonstrate the possibility of the production of steel using MRE technology
without the need for bene�ciation, automation capabilities to collect the iron from the MRE reactor to reduce
the need for labor, a sonicator to dislodge oxygen bubbles from the cell anodes to ensure reaction under the
reduced lunar gravity and extend the useful life of the electrodes, and steel manufactured in vacuum and fast
cooling conditions to understand the metallurgical and mechanical properties of lunar steel manufactured on
the moon for pressure vessels.
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Figure 2: Cross Sectional Render of ARTEMIS Steelworks Prototype

3 Project Description
3.1 Extraction of Steel from Regolith

The goal of the ARTEMIS Steelworks MRE reactor is to enable a larger-scale production of iron metal
from a simulant regolith feedstock. To that effort, the reactor consists of two tubes, capped with large alu-
minum endcaps on each end, inserted into a large Carbolite vertical tube furnace. The tube furnace provides
the heating and insulation required to heat and hold materials at temperatures in excess of 1600°C. An image
of the tube furnace with tubes inserted is provided in Fig 2. The inner tube of the reactor is responsible for
containing both molten regolith and molten iron, while the outer tube acts as secondary containment, in case
the inner tube is ruptured. The end caps are �exible components of our design that serve various roles in
MRE. Each end cap is fashioned out of solid aluminum, �tted with o-rings to sustain an analog argon atmo-
sphere, a liquid cooling loop, various mounts for system components, like the anode and the gas inlet and
outlet. The end cap also provides an interface between the supportive mount and structural stability for the
alumina tubes.

Figure 3: MRE Reactor Construction

The electrolysis experiments run in the MRE reactor consist of
three primary stages: loading, heat up/cool down, and opera-
tion. In loading, the inner tube is �lled with solid, powdered re-
golith simulant, representing integration into the overall lunar
metal pipeline. In these preliminary experiments, the loading
is done by hand. In future iterations of the ARTEMIS Steel-
works reactor, autonomous deposition of the regolith into the
reactor will be done by a hopper or other similar mechanism-
this was initially in the scope of the project, but it was deemed
secondary to the operation of MRE. The regolith is supported
by a large electrolytic iron rod present at the bottom of the re-
actor, which also serves as the cathode for electrolysis. The rod
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is inserted from the bottom before loading the regolith. After
loading, the furnace caps are replaced and tightened to reseal the reactor. Atmosphere is then purged from
the reactor using a pump, followed by an in�ow of Argon gas. Once a suitable Argon atmosphere is devel-
oped, the furnace is powered on. In heat up/cool down, the furnace is autonomously changing temperature
at a rate of 120-180°C per hour. During the operation phase, the furnace is around its set point, 1600°C.
The molybdenum rod, serving as the anode, is slowly lowered into the molten regolith, and when electrical
contact is established, electrolysis can begin. This will be done at a voltage of approximately 1-3V at a
current of 50-70A. Oxygen gas produced during this time will be carried up by the �owing argon and into
the [analyzer]. As the iron rod grows during operation, the distance between the cathode and anode ends
up not being constant. To solve this, distance will be maintained using the Extraction Rod (ER), resulting
in operation requiring little active participation, prioritizing safety and astronaut time. Operation will cease
after about an hour, and the furnace will cool down to room temperature, after which the produced metal is
extracted using the SIS+ER System. When the MRE reactor is run, we will include information stating the
mass of regolith used, its volume in the reactor, as well as the usable iron collected from the reaction. A
more in-depth power study will also be recorded and analyzed to be put into the �nal version of the report.
This produced metal will then connect to the rest of the lunar metal pipeline, being remelted, alloyed and
processed for consumers. We forsee that the metal produced by ARTEMIS Steelworks will be invaluable to
early permanent lunar habitats, being a necessary predecessor to any large-scale lunar base. Because of this,
we forsee that ARTEMIS steelworks will have little issues receiving funding from NASA or commericial
companies that plan to inhabit the lunar surface long term.

SIS+ER DescriptionThis project originally envisioned the use of a circular saw blade to remove any
produced iron from the reactor's cathode. After further review and consultation, the team realized that
a bandsaw (pictured in Fig. 4) would be most effective in producing a clean cut and most feasible to
implement. Any further developments of the SIS required the de�nition of design constraints based on the
project's timeline and available materials. Building a saw from scratch would not only strain the project's
budget but also introduce an unnecessary degree of complexity that did not contribute to the technology
demonstration of this project's most crucial element: the Molten Regolith Reactor. Therefore, the team
selected a portal bandsaw capable of cutting through the diameter of the iron cathode and subsequently
performed all designs of the SIS with respect to the bandsaw's dimensions.

The horizontal bandsaw's shape required linear actuation to slice through the iron cathode, introducing
the use of stepper motors to drive the chassis forward. Each stepper motor selected had a rated load of 200
pounds to sustain the weight of the bandsaw and the reaction forces experienced by the saw while cutting.
To prevent the weight of the motor from shearing the linear actuator rods along which it was driven by the
motor, the team incorporated four, load-bearing steel shafts into the design, out�tted with self-lubricating
brass bushings to limit friction during motion. Finally, the remaining support structures for the SIS were
designed with Aluminum 6061 as a preventative measure for any unexpected loads during the cutting process
and to ensure a robust design without creative load-bearing calculations.

Figure 4: SIS in Action

Currently, the SIS uses 20 volts, operating with a cur-
rent draw of approximately 4 amperes, drawing a maximum
recorded power of 100 W as measured by the team's power
supply. The whole SIS measures upwards of 20 kilograms, not
including the 80/20 structures used to suspend it in the air for
testing. Overall, with the 80/20 structures used during testing,
the SIS occupies a space of roughly 1 cubic meter. Approxi-
mations are required due to the rather cumbersome subsystem
design and the sensitivity of certain elements.

Introducing an automated Back Rod Opposer (BRO) to
limit the vibrations of the cathode and secure the iron during
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the cutting process proved more time-intensive than expected.
Therefore, although it was conceptualized, designed, and manufactured, the BRO was not integrated into
the �nal prototype of this proposed architecture. However, its integration into a �ight-ready system would
not prove to be an exigent effort since it operates with the same principles and design considerations as the
SIS.

The extraction rod's design and development remained constant throughout the entire design process,
from the original proposal even unto the currently prototyped solution. Only two noteworthy design changes
occurred during its integration. First, the team introduced a Te�on intermediary between the ER and the iron
cathode to insulate the linear actuator's shaft both from the reactor's high temperatures and from the current
run through the cathode – otherwise, there was a risk of shorting the motor responsible for extracting the
cathode from the reactor. Secondly, because the purchased linear actuator did not drive the lead screw
forward unless one end was prevented from rotation, the team incorporated a system of steel shafts paired
with an aluminum plate to physically constrain the rod. Either a more re�ned version of this system would
be developed for a �ight-ready system, or the actuator selected for a �ight-ready system would not require
such a constraint to function.

All elements of the slicing subsystem – the SIS, ER, and BRO – were designed to be integrated with
the Molten Regolith Reactor via a series of aluminum beams. For the safety of team members and the
sensitive elements of the Molten Regolith reactor, the team did not integrate these subsystems, although the
infrastructure to do so exists. Currently, for testing, the SIS, ER, and BRO are suspended on a combination
of tables and 80/20 aluminum structures.

Operation and TestingDue to supply line setbacks and broken heating elements, operation of the MRE
reactor is still in the process of being veri�ed and tested. We will run the MRE reaction several times,
focusing on producing a consistent metal character to contextualize our pressure vessel analyses, and to
provide a comparison in performance between sonicator and non-sonicator usage. Veri�cation and testing
of the SIS system has been performed, and a preliminary test in an external test stand cutting iron proves
that our SIS and SIS mount design holds merit. The integration of the ER and BRO were also proven during
these tests, verifying that the motor's lead screw combined with the BRO can support the iron during cutting.

3.2 Metal Manufacturing
The manufacturing process seeks to optimize the mechanical and microstructural properties of the metals

produced in small scale tests. A simulation of our lunar metal can be melted and casted for characterization
and basic manufacturing processes. For each metal produced in small scale testing, the composition was
simpli�ed into ratios of the primary metal components - iron, titanium, and silicon. Metal samples of these
new compositions were then melted with an arc melter and cooled slowly. A portion of the metal was then
recast into a bar and cooled quickly.

The project originally intended to alloy the iron with carbon and to cold-roll the alloy. Alloying with
carbon was infeasible due to the constraints set by the arc melter. In the arc melter, the carbon would have
vaporized rather than mix with the metal. Attempts to cold roll the cast bars were unsuccessful because
the metal was too brittle. Ternary and binary phase diagrams of the relevant iron, titanium, and silicon
components showed that materials derived from both the bene�ciated and un-bene�ciated lunar regolith
were primarily composed of intermetallics, yielding a brittle nature.

3.3 Production for Pressure Vessels
The metal produced by the MRE can then be used in the building of lunar infrastructure, especially

pressure vessels for habitats or fuel containment. The following models focus on the habitat aspect. Metal
validation must be performed to ensure metal produced is safe for habitats in the lunar environment as well
as be suf�cient to maximize habitat functionality and minimize metal necessary for construction.

6



The shape of the pressure vessel was decided based on metal ef�ciency as well as the stress distribution
across the surface area. A spherical design was �rst considered due to its even stress distribution. However,
upon consideration of its ability to function as a habitat, a cylindrical design with hemisphere ends oriented
vertically was proposed and ultimately decided upon. The dimensions of the cylindrical design would be
dictated by necessary living space. The standard ceiling height of 2.75 m for its vertical length will be
selected. An internal pressure is set to be 1 atm with the approximation that the external pressure in the
lunar environment is 0 atm. Furthermore a safety factor of 4 was assigned to the model. In order to test
for this function of the metal, hardness and yield strength tests were conducted. A model was produced in
order to determine the volume of steel necessary for the vessel. This model employed a safety factor of 4
and used yield strength and hoop stress to calculate thickness necessary for varying diameters. The diameter
will denote the �oorspace of these habitats. Further discussion of this model can be found in the Pressure
Vessel section of Test Results and Conclusion. This concept assumes that there is limitless supply of lunar
steel produced by the MRE reactor in order to provide the necessary stock for any size pressure vessel.

3.4 Summary of Metal Performance Needs
When considering the size of the pressure vessels, inner diameters starting from 7 m to 12 m were

considered. They were considered alongside thickness values from 0.0001 to 0.02 m. A factor of safety
of 2 was used for the study shown in Figure 5. This number was selected such that there is no abundant
excess in order to minimize cost while also considering the safety necessary to use these vessels as habitats.
An ambient pressure of 101,325 Pa was selected to mimic the atmospheric pressure on Earth. Given these
factors, the largest required yield strength across this range of diameters and thickness is 24,318,000,000 Pa
or 24,318 MPa in order to have a diameter of 12 m and thickness of 0.0001 m. The yield strength necessary
for a vessel of the same thickness but a diameter of 7 m is 14,185 MPa.

Figure 5: Model showing the yield strengths required for various diameters and thicknesses for the pressure vessel

3.5 Scalability to Operational Concepts
A multi-chamber, multi-SIS+ER reactor assembly can share controls, power and heat sources, regolith

hopper and distribution, and metal collection ramps and bins. The scaling provides similar redundancy
and fail-gracefully capability. A failed reactor could be taken of�ine and replaced or repaired while the
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Metric Unit Metric Notes
Energy cost of output kWh/kg TBD

System mass kg TBD
Metal per hour kg TBD
Slag per hour kg TBD

Table 1: Estimated Performance Metrics of an Operational-scale ARTEMIS Steelworks System comprising a 20-reactor module.

SST1 (un-bene�ciated)
Fe Si Ti Total

wt% 0.7310 0.1953 0.0737 1.000
mass (g) 21.931 5.858 2.210 30
volume (cm3̂) 2.785 2.515 0.491 5.791
SST2 (bene�ciated)

Fe Si Ti Total
wt% 0.5180 0.0180 0.4640 1.000
mass (g) 15.540 0.540 13.920 30.000
volume (cm3̂) 1.974 0.232 3.089 5.295

Table 2: Table summarizing the weight percent, mass, and volume of Fe, Ti, and Si in each manufactured metal sample.

other reactors in a module continue operating, receiving gravity-fed regolith from the main hopper and
delivering metal pucks at the output bin. Operations with these multi-reactor assemblies (say, 20 reactors
per assembly) can be scaled up by adding more multi-reactor assemblies. The expected performance of a
scaled-up system is shown in Table 1. Please note that this table will be updated before the Forum, once the
full-scale prototype experiment is run.

4 Veri�cation Testing on Earth
4.1 Extraction of Metal from Regolith

For the MRE reactor, veri�cation testing was performed on major subassemblies such as the heating
subassembly, the argon gas �ow subassembly, the tube subassembly, and the power subassembly. The
�nal testing is performed by adding lunar regolith to the MRE reactor and running the reactor for about
24 hours while it performs three functions 1) heating up, 2) electrolysis, and 3) cooling down. The iron
electrode would then be removed by SIS+ER and and the slag and steel alloy would be extracted. These
�nal veri�cation testing will be processed soon.

4.2 Metal Manufacturing, Characterization, and Testing
The manufacturing and testing process simpli�ed the EDS results from small scale testing into the

three most signi�cant components: iron, titanium, and silicon. High purity materials were mixed in the
appropriate compositions to create larger metal samples that could be characterized and manufactured more
extensively. The compositions and masses created in the manufacturing process are summarized in table 2.

An Edmund Buehler Arc Melter, an arc melter with suction casting, was used to melt and cast the alloys.
The arc melter is similar to a TIG welder, but acts in a vacuum. Like TIG welding, it works by specifying
the length of the arc and the current. The melter contains a plasma heating element with argon to arc. The
current used was 240A. Two vacuum cycles were performed to achieve the appropriate pressure in the arc
melter. By the second vacuum cycle, the pressure was 5.5e-2 mbar. To ensure that the titanium, which had
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